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Rap1 Couples cAMP Signaling to a Distinct Pool
of p42/44MAPK Regulating Excitability,
Synaptic Plasticity, Learning, and Memory
Winder et al., 1999) and spatial learning (Selcher et al.,
1999). Thus, even though it is clear that cAMP and p42/
44MAPK are required for plasticity and memory storage,
the specific pathways coupling cAMP and other second
messengers to p42/44MAPK are not well known.
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One reason this coupling has not yet been established1Howard Hughes Medical Institute
is that there are several signaling pathways through2 Center for Neurobiology and Behavior
which cAMP and other second messengers can regulateColumbia University
p42/44MAPK. For example, in cell culture, two smallCollege of Physicians and Surgeons
GTPases, Rap1 and Ras (Schmidt et al., 2000; Yan et1051 Riverside Drive
al., 1998), couple cAMP and other second messengersNew York, New York 10032
to p42/44MAPK in different ways. First, Ras and Rap13 Division of Neuroscience
are activated by different GDP/GTP-exchange factors,Baylor College of Medicine
and these exchange factors in turn couple them to dis-Houston, Texas 77030
tinct upstream signaling pathways (de Rooij et al., 1998;
Gao et al., 2001; Rebhun et al., 2000). Second, Ras and
Rap1 differentially control Raf1 and B-Raf, the two ki-Summary
nases that phosphorylate MEK. Ras recruits both Raf1
and B-Raf to activate p42/44MAPK. In contrast, Rap1Learning-induced synaptic plasticity commonly in-
exerts a dual regulation of p42/44MAPK by either inhib-volves the interaction between cAMP and p42/
iting Raf1 or activating B-Raf. Moreover, Rap1 can also44MAPK. To investigate the role of Rap1 as a potential
antagonize Ras (Altschuler and Ribeiro-Neto, 1998). Partsignaling molecule coupling cAMP and p42/44MAPK,
of this difference presumably resides in their subcellularwe expressed an interfering Rap1 mutant (iRap1) in
locations. Ras is anchored to the plasma membrane,the mouse forebrain. This expression selectively de-
whereas Rap1 is anchored to the membrane of the endo-creased basal phosphorylation of a membrane-asso-
somal compartment (Kim et al., 1990; Pizon et al., 1994;ciated pool of p42/44MAPK, impaired cAMP-depen-
Resh, 1996). These differences suggest that Rap1 anddent LTP in the hippocampal Schaffer collateral
Ras may regulate distinctly different pools of p42/pathway induced by either forskolin or theta frequency
44MAPK, thereby phosphorylating different targets tostimulation, decreased complex spike firing, and re-
perform different functions. Indeed, in PC12 cells, Ras-duced the p42/44MAPK-mediated phosphorylation of
dependent activation of p42/44MAPK leads to prolifera-the A-type potassium channel Kv4.2. These changes
tion, whereas Rap1-dependent activation leads to differ-correlated with impaired spatial memory and context
entiation (Mochizuki et al., 2001; Schmidt et al., 2000;discrimination. These results indicate that Rap1 cou-
York et al., 1998).ples cAMP signaling to a selective membrane-associ-
The existence of different upstream regulators of p42/ated pool of p42/44MAPK to control excitability of py-
44MAPK raises the question: which of these distinctramidal cells, the early and late phases of LTP, and
signaling pathways are important for neuronal plastic-the storage of spatial memory.
ity? One way to define their roles is to interfere with the
specific components of these pathways. Interfering withIntroduction
Ras function in the amygdala impairs LTP and fear con-
ditioning (Brambilla et al., 1997), while decreasing its
Both cAMP and p42/44 mitogen-activated protein ki-
activity in the hippocampus rescues LTP deficits and
nase (p42/44MAPK) are crucial for neuronal plasticity spatial learning in mice carrying a mutated allele of the
and memory storage. In Aplysia, interference with neurofibromatosis gene NF1 (Costa et al., 2002). In-
cAMP-induced activation of p42/44MAPK inhibits learn- terfering with Rap1 function using viral transfection in
ing and serotonin-induced long-term facilitation of the cultured cells affects LTD by producing deregulation of
connections between the sensory and motor neurons p38 kinase (Zhu et al., 2002). However, in contrast to
of the gill withdrawal reflex (Bailey et al., 1997; Martin the several studies on Ras, nothing is known about the
et al., 1997; Michael et al., 1998). In rodents, inhibitors role of Rap1 in the nervous system of intact animals.
of MAPK kinase (MEK) similarly impair cAMP-dependent To explore the role of Rap1 in the brain, we generated
LTP (English and Sweatt, 1997; Patterson et al., 2001; mice with a dominant interfering mutant of Rap1 (iRap1)
using the forebrain-specific CamKII- promoter (May-
ford et al., 1996) and the tetracycline-regulated system*Correspondence: erk5@columbia.edu
4These authors contributed equally to this work. (Furth et al., 1994) to achieve spatial restriction and
5Present address: National Institutes of Health, National Institutes temporal reversibility in the expression of the transgene.
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phospho-MAPK in the membrane fraction; these7Present address: Department of Molecular Physiology and Bio-
changes correlated with impaired forskolin and thetaphysics, Center for Molecular Neuroscience, Vanderbilt University
School of Medicine, Nashville, Tennessee 37232. frequency-induced LTP and deficient learning and mem-
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Figure 1. Doxycycline-Regulated Expres-
sion of Dominant Interfering Rap1B in the
Forebrain
(A) tTA drives the expression of iRap1 from
a tet-O-containing promoter. The forebrain-
specific CaMKII promoter controls the ex-
pression of tTA.
(B) Coronal sections from the brains of mice
containing both tTA and iRap1 transgenes
and wild-type littermate controls (wt) were hy-
bridized to a Rap1B probe. An increased level
of Rap1B mRNA is detected in the forebrain
of the double tTA iRap1 transgenics (tg).
Feeding animals with doxycycline (tgdox)
reduces transgene expression.
(C and D) Northern (C) and Western (D) blots
of hippocampi from wild-type and iRap1 mice
receiving either regular () or doxycycline-
containing diet ().
ory storage. These data indicate that Rap1 regulates 1D). These data confirm the inducible expression of the
iRap1 mutation.hippocampus memory storage by gating some forms of
cAMP-dependent plasticity through the regulation of a
restricted pool of membrane-associated p42/44 MAPK.
Interfering with Rap1 Modulates the Activities
of B-Raf and Raf-1 and Inhibits
Membrane-Associated p42/44MAPKResults
Rap1 regulates p42/44MAPK by activating B-Raf and
inhibiting Raf-1. To test the effect of iRap1 on theseGeneration of Transgenic Mice Expressing
a Temporally Controlled Dominant-Negative kinases, we measured the activities of Raf-1 and B-Raf
in the hippocampal extracts following immunoprecipita-Rap1 in the Forebrain
To create a dominant interfering mutant of Rap1 (iRap1), tion by using a cascade kinase assay. The activity of
B-Raf was reduced 27.4%  6.3% (p  0.012, n  5),we cloned mouse Rap1B cDNA and replaced a codon
for serine at position 17 with one for asparagine. The whereas the activity of Raf1 was increased 87% 3.5%
(p  0.0016, n  3). Feeding mice with doxycyclinepMM400iRap1 construct (Figure 1A and Experimental
Procedures) was used to generate transgenic mice resulted in reversal of the changes in activity of the Raf
kinases, indicating that this activity was modulated bywhere the iRap1 cDNA transcription was driven by the
tet-O promoter activated by heterologously expressed the expression of the transgene rather than as a result
of a developmental defect (Figure 2A).tTA. The iRap1 founder lines were bred to a forebrain-
specific tTA line and its expression was driven by the Since Raf-1 and B-Raf are also regulated by Ras,
iRap1 could reduce the activity of Ras by competing forCaMKII promoter (Mayford et al., 1996). Using Northern
hybridization, we tested the expression of Rap1B in the the GDP/GTP-exchange factors shared between Ras
and Rap1. To assess this possibility, we determined thehippocampus of animals containing both transgenes
(iRap1 and tTA). We then selected the line with the high- amount of active (GTP bound) Ras by precipitating it
with the immobilized Ras binding domain of Raf-1 fol-est level of Rap1B mRNA. In this line, increased Rap1B
mRNA was evident in the entire forebrain, and this ex- lowed by immunoblotting. We found that the amount of
GTP bound Ras was not reduced in the presence ofpression was suppressed by feeding animals with doxy-
cycline (Figure 1B). In the hippocampus, 5 days of doxy- iRap1 (Figure 2B). This result indicates that we are af-
fecting the Rap1 pathway selectively and that changescycline diet reduced the amount of Rap1B mRNA to the
endogenous level (Figure 1C). This diet did not com- in the activities of Raf-1 and B-Raf are not caused by
the altered activity of Ras.pletely reduce the amount of Rap1B protein to baseline.
Nevertheless, the level of the protein was reduced signif- B-Raf and Raf1 phosphorylate MEK1, which, in turn,
phosphorylates and activates p42/44MAPKs. Thus, anicantly in comparison to the untreated condition (Figure
Rap1-Activated MAPK Gates Plasticity and Memory
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Figure 2. Regulation of p42/44MAPK Cascade by Rap1
(A) Normalized kinase activity (% of wild-type) of B-Raf and Raf-1 in hippocampal extracts from iRap1 animals kept on a regular (tg) or
doxycycline (tg/dox)-containing diet.
(B) Immunoblots from wild-type (wt) or double-transgenic (tg) animals of GTP bound Ras precipitated from whole hippocampal extract (15 or
50 g of protein).
(C) Immunoblots from wild-type (wt), double-transgenic (tg), or transgenic animals fed with Dox (tg/dox) of dually phosphorylated and total
p42/44MAPK from whole and fractionated (cytosol/membrane) hippocampal extracts.
(D) p42/44MAPK phosphorylation of iRap1 animals fed with or without Dox as a percentage of the level of p42/44MAPK phosphorylation in
wild-type controls.
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altered activity of Raf kinases might result in changes mitter release (Zucker and Regehr, 2002). Again, there
were no differences at the interstimulus intervals of 50,in p42/44MAPK phosphorylation. We determined the
amount of dually phosphorylated p42/44MAPK in the 100, or 200 ms (Figure 3E). These results show that, at
the CA3-CA1 synapses, iRap1 does not produce grosswhole hippocampal extract using immunoblot and found
no differences between mutant and wild-type mice (Fig- deficits in basal synaptic transmission or presynaptic
function.ure 2C). Since Raf-1 and B-Raf have different subcellular
localizations in neurons (Morice et al., 1999) and their
activities changed in opposite directions, we anticipated Rap1 Is Required for Some cAMP-Dependent
that the activity of p42/44MAPK associated with a par- Forms of Synaptic Plasticity
ticular subcellular compartment might be altered by p42/44MAPK is required for certain forms of plasticity
iRap1. To test this possibility, we determined the levels (English and Sweatt, 1997; Patterson et al., 2001;
of dually phosphorylated p42/44MAPK in crude mem- Thomas et al., 1998; Winder et al., 1999). Interestingly,
brane and cytosolic fractions, which were separated by the dependence of LTP on p42/44MAPK is determined
differential centrifugation. In each experiment we quan- by the protocol used for LTP induction. In mice, LTP
tified relative levels of p42/44MAPK phosphorylation in induced by a single high-frequency train is p42/44MAPK
fractions obtained from iRap1 mutants fed with or with- independent (Winder et al., 1999); in contrast, LTP in-
out doxycycline. In the presence of the iRap1, the total duced by repeated high-frequency trains, theta fre-
amount of p42/44MAPK remained the same (105%  quency, or forskolin requires p42/44MAPK (English and
6% of wild-type, n  8, p  0.47). Similarly, the amount Sweatt, 1997; Patterson et al., 2001; Rosenblum et al.,
of phosphorylated p42/44MAPK did not change in the 2002; Winder et al., 1999). Different induction protocols
cytosol (99%  4% of wild-type, n  8, p  0.828); recruit different signaling cascades; thus, it is also possi-
however, phosphorylated p42/44MAPK was reduced in ble that protocols that are dependent on p42/44MAPK
the crude membrane preparation (64%  5% of wild- activate different pools of the kinase associated with
type, n  8, p  0.0001). Feeding animals with doxycy- different subcellular compartments. Since Rap1 regu-
cline reversed the changes in phosphorylation of mem- lates a restricted pool of p42/44MAPK associated with
brane-associated p42/44MAPK to its normal level membranes, we anticipated that it would be necessary
(103%  13% of wild-type, n  8, p  0.801; Figures for some, but not all, forms of p42/44MAPK/cAMP-
2C and 2D). The results shown here in conjunction with dependent LTP. To assess this possibility, we tested
the fact that B-Raf is the predominant Raf isoform in LTP in the Schaffer collateral synapses of hippocampal
the brain (Morice et al., 1999) strongly suggest that the area CA1 using several protocols.
Rap1-mediated activation of B-Raf supports the activity We first tested LTP induced by multiple high-fre-
of the membrane-associated pool of p42/44MAPK. quency (100 Hz) trains, a protocol that has been shown
to require p42/44MAPK in rats (English and Sweatt,
1997; Impey et al., 1998). This stimulation produced theInterfering with the Functions of Rap1 Does Not
Change Basal Synaptic Transmission same level of potentiation in both the wild-type and
transgenic group (5 min after fourth train: wt, 269% or Presynaptic Function at the Hippocampal
Schaffer Collateral Synapses 26%, iRap1, 292%  27%; at 3 hr: wt, 215%  20%,
iRap1, 186%  22%, data not shown), suggesting thatAlterations of membrane-associated p42/44MAPK may
affect ionic currents that regulate normal synaptic trans- the p42/44MAPK required for this form of LTP is re-
cruited by a Rap1-independent mechanism.mission. To test this possibility, we tested basal synaptic
transmission in area CA1 of the hippocampus by stimu- Stimulation protocols, which resemble the physiologi-
cal firing properties of hippocampal neurons, are partic-lating the Schaffer collateral pathway and measuring
the slope of the excitatory postsynaptic potential (EPSP) ularly efficient in inducing LTP (Larson et al., 1986; Otto
et al., 1991; Staubli and Lynch, 1987; Thomas et al., 1998;for a range of stimulus intensities. There were no differ-
ences between iRap1 mutants and wild-type control Winder et al., 1999). Most of these induction protocols
involve theta frequencies (5–12 Hz), which are presentanimals (Figures 3A and 3B), indicating that basal synap-
tic transmission remains normal in the presence of the in the brain during exploratory behavior and attentive
states (Oddie and Bland, 1998). Theta frequency-iRap1 transgene. Then, we adjusted the strength of pre-
synaptic fiber stimulation to evoke 35% of the maximum induced LTP, a cAMP-dependent protocol (Winder et al.,
1999), may recruit signaling cascades similar to thoseamplitude and calculated the slope of this EPSP and
the corresponding presynaptic fiver volley (PSFV). There activated during naturally occurring plastic changes. To
determine whether Rap1 is required for more physiologi-were no differences in the size of the fEPSP or PSFV at
this stimulus intensity (Figure 3C). Moreover, the size of cal forms of LTP, we stimulated slices with a theta fre-
quency protocol (5 Hz for 30 s). In the wild-type group,the PSFV in wild-type and iRap1 groups was similar over
a range of stimulus intensities (Figures 3D), indicating this protocol induced a robust long-lasting LTP, whereas
in slices expressing iRap1, LTP was reduced (Figure 4A;that the number of stimulated fibers was not altered by
iRap1. first 10 min: wt, 165%  12%, iRap1, 143%  10%; at
3 hr: wt, 178%  8%, iRap1, 130%  10%, p  0.002).Because iRap1 is expressed in both CA1 and CA3
pyramidal cells of the hippocampus, we evaluated pre- The LTP deficit was reversed after the expression of
iRap1 was blocked by feeding animals with doxycyclinesynaptic function by measuring pair-pulse facilitation
(PPF), which is a short-term enhancement of synaptic (Figure 4B), confirming that iRap1 does not cause per-
manent changes in the neurons. These data show thatefficacy in response to a closely spaced second stimu-
lus that is associated with the probability of neurotrans- Rap1 is required for theta frequency-induced LTP; more-
Rap1-Activated MAPK Gates Plasticity and Memory
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Figure 3. Basal Synaptic Transmission and Paired Pulse Facilitation (PPF) Are Not Altered in Dominant-Negative Rap1B Mice
(A) Input-output curves of stimulus intensity versus fEPSP slopes at the Schaffer collateral-CA1 synapses in iRap1 and wild-type control mice.
(B) Representative traces of typical input-output curves.
(C) Amplitude of fEPSP and PSFV at a stimulus intensity that elicited a response equal to 35% of the maximum.
(D) Plot of PSFV versus stimulus intensity from a random sample of slices.
(E) Comparison of PPF in iRap1 and wt mice. Dots represent the mean facilitation of the second response relative to the first response. Data
are presented as the mean  SEM.
over, the appearance of the deficits immediately after wt/UO126, 136%  6%, p 0.002). These deficits were
similar to those observed in iRap1 mutants, which weretetanization indicates that Rap1 participates in early in-
duction events. not further affected by pretreatment with UO126 during
the early phase of LTP (Figure 4D; iRap1/ACSF, 143%Since theta frequency-induced LTP depends on p42/
44MAPK (Winder et al., 1999), we examined to what 10%; iRap1/UO126, 137% 7%, p 0.602). In contrast
to the partial effect on early LTP, U0126 reduced theextent the LTP impairments resulted from the Rap1-
mediated deregulation of p42/44MAPK. To this end, we late potentiation to baseline levels in both mutant and
control slices (Figures 4C and 4D), indicating that thecompared the effect of iRap1 with that of p42/44MAPK
inhibition by using the permeable MAPK kinase (MEK1) late phase of LTP also requires Rap1-independent p42/
44MAPK (Figure 4C; wt/ACSF, 167%  7%; wt/UO126,inhibitor U0126 (Favata et al., 1998). Wild-type slices
pretreated with UO126 displayed reduced LTP shortly 100%  3%, p  0.0006; Figure 4D; iRap1/ACSF,
131%  8%; iRap1/UO126, 102%  4%, p  0.05).after tetanization (Figure 4C; wt/ACSF, 177%  11%;
Neuron
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Figure 4. iRap1 Inhibits LTP Induced with Theta Frequency and Forskolin at the Schaffer Collateral-CA1 Synapses
Each point in the graphs represents the mean fEPSP slope  SEM normalized to the mean baseline fEPSP slope value.
(A) iRap1 mutants display a deficit in theta frequency-induced LTP that is evident immediately after the tetanization and persists for at least 3 hr.
(B) The theta frequency-induced deficit is reversed by Dox.
(C and D) Pretreatment with UO126 prior theta frequency tetanization produces a reduction of LTP in wt slices (C), and no further initial deficits
but a stronger decay of the late phase in iRap1 slices (D).
Rap1-Activated MAPK Gates Plasticity and Memory
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These data show that Rap1 regulates a pool of p42/ of highly synchronous excitation. As a result, complex
spiking may be a powerful regulator of signal processing44MAPK required for the induction of theta frequency-
induced LTP. In contrast, the maintenance of LTP, which through the amplification of temporally correlated infor-
mation (Golding et al., 1999). In agreement with this, italso requires p42/44MAPK, depends only partially on
Rap1. has been shown that a single burst can induce LTP
when it is generated at the peak of the theta oscillationTo reduce the number of potential signaling pathways
activating p42/44MAPK in a Rap1-independent manner, (Lisman, 1997). Moreover, blockade of spike bursting
eliminates theta frequency-induced LTP (Thomas et al.,we stimulated slices with forskolin, a drug that increases
the concentration of cAMP by activating adenylyl cy- 1998).
Because MEK inhibitors reduce the number of popula-clase. In wild-type slices, forskolin (50 M) produced a
long-lasting LTP that was sustained for at least 3 hr. In tion complex spikes (Winder et al., 1999) and Rap1 regu-
lates p42/44MAPK, we investigated whether Rap1 isthe presence of iRap1, the same treatment induced only
a moderate potentiation that started to decay after 2 hr also required for complex bursting. To this end, we
counted the number of spikes during 30 s of 5 Hz stimu-(Figure 4E; first 45 min: wt, 176% 11%; iRap1, 144%
7%; at 3 hr: wt, 181%  14%; iRap1, 121%  7%, p  lation and found that iRap1 significantly decreased the
total number of spikes (Figure 5B; wt, 234%  19%;0.0004). Interestingly, the deficits appeared soon after
the forskolin application, suggesting that iRap1 may af- iRap1, 148%  20%, p  0.003). Furthermore, in the
iRap1 group the time of the peak complex spiking wasfect early events as well as the expression of late forms
of LTP. This result is not surprising, since the cAMP/ delayed (Figures 5C and 5D). To determine whether
these changes were also dependent on p42/44MAPK,PKA enhancement of synaptic transmission is not only
crucial for the maintenance of LTP (Frey et al., 1993) but we counted spikes in the presence of U0126. In agree-
ment with our previous study (Winder et al., 1999), U0126also underlies several mechanisms associated with the
early phase of LTP (Makhinson et al., 1999). The forskolin reduced the number of spikes in wild-type slices (Figure
5A; wt/UO126, 145%  17%, p  0.005), but did notimpairment in LTP was reversed after feeding animals
with doxycycline (Figure 4F), confirming the nondevel- further affect the iRap1 group (Figure 5A; iRap1/UO126,
123%  26%, p  0.489), suggesting that the inhibitionopmental origin of the deficit.
Forskolin-induced LTP is also dependent on p42/ of p42/44MAPK is the mechanism whereby iRap1 re-
duces population complex spikes.44MAPK (Patterson et al., 2001). To assess the contribu-
tion of Rap1-dependent p42/44MAPK to this form of We noticed that the number of early complex spikes
was markedly reduced in the iRap1 mutants. To deter-LTP, we treated slices with forskolin in the presence of
UO126. Pretreatment with U0126 significantly reduced mine whether iRap1 differentially affected complex
bursting at different time points during the tetanus, weLTP in wild-type slices (Figure 4G; wt/ACSF, 167% 
9%; wt/UO126, 116%  9%, p  0.005). In contrast, counted spikes during the initial 20 pulses and middle
80–100 pulse interval, when spiking reached its peak.UO126 did not further decrease the already reduced
level of potentiation in the iRap1 mutants (Figure 4H; iRap1 caused a dramatic reduction in the early spiking
and only a modest decrease near the peak of spikingiRap/ACSF, 130%  11%; iRap/UO126, 112%  4%,
p 0.169). These results strongly suggest that the defi- (Figure 5G; 0–20 pulses: wt, 0.92  0.12; iRap1, 0.23 
0.06, p  0.00001; 80–10 pulses: wt, 1.92 0.17; iRap1,cits in forskolin-induced LTP observed in the iRap1
group were due to the deregulation of the Rap1-depen- 1.36  0.17, p  0.02). Perfusion of UO126 on the wild-
type slices mimicked the effect of iRap1 (Figure 5F) anddent pool of p42/44MAPK. In total, these data indicate
that the early and late components of two cAMP-depen- did not further reduce spiking in the iRap1 group (Figure
5F; 0–20 pulses: wt, 0.24  0.11; iRap1, 0.26  0.12,dent forms of LTP are affected by iRap1.
p  0.882; 80–100 pulses: wt, 1.1  0.16; iRap1, 1.21 
0.26, p 0.692). These results suggest that Rap1-regu-Rap1 Is Involved in Mediating Population Complex
Spike Bursts by p42/44MAPK lated p42/44MAPK controls the threshold of excitability
during tetanization by regulating complex spiking in theWhen LTP is induced by theta frequency, after 30–40
pulses CA1 pyramidal neurons fire population complex stimulated population of CA1 pyramidal cells.
spike bursts (Thomas et al., 1998) that can be detected
extracellularly as negative-going spikes superimposed Rap1 Is Required for Both NMDA-Dependent
and -Independent Components of Thetaon fEPSPs (Figure 5A). These evoked population spike
bursts reflect repetitive action potentials and may share Frequency-Induced LTP
Theta frequency-induced LTP has both an NMDA-depen-similar molecular mechanisms as those necessary for
spontaneous complex spike bursting. The occurrence dent and an NMDA-independent component. This latter
component requires the activation of voltage-depen-of bursting in vivo requires large membrane depolariza-
tion as a result of strong afferent stimulation (Harris et al., dent Ca2 channels (Thomas et al., 1998), which are
activated during the prolonged depolarization produced2001), suggesting that bursting occurs during periods
(E) iRap1 mutants display a deficit in forskolin-induced LTP that is evident 20 min after the forskolin perfusion and becomes more pronounced
at the end of the recording period.
(F) Dox reverses the forskolin-induced LTP deficit.
(G and H) Pretreatment with UO126 before forskolin perfusion produces a reduction of LTP in wild-type slices (G), and no further deficits in
iRap1 slices (H).
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Figure 5. Analysis of Population Complex Spike Bursts
(A) Representative traces showing population complex spikes during tetanization after 20, 80, and 100 pulses.
(B) Total number of population complex spikes is reduced in iRap1 mutants in comparison to wt controls. UO126 produces a similar reduction
in the number of spikes in wt animals. Data are presented as the group mean  SEM.
(C–F) Histograms showing complex spikes during the 30 s tetanization. Each bar represents the mean  SEM number of complex spikes
measured at each pulse.
(G) Average number of population spikes measured during the initial 20 pulses and the late 80–100 pulses. Note that the initial deficit in iRap1
mutants is more pronounced than that deficit measured at later time points. Data are presented as the group mean  SEM.
(H) Same as (G) in the presence of UO126.
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by complex spikes (Thomas et al., 1998). Therefore, if mechanism through which this pool modulates popula-
tion complex spikes.Rap1 is required for these processes, the NMDA-inde-
pendent component of theta frequency LTP should be
reduced in the presence of iRap1. To isolate the NMDA- Rap1 Plays a Role in the Late Phase of LTP
independent component of LTP, we tetanized slices in In the presence of iRap1, the early and late phases of
the presence of D-APV, an NMDA-receptor blocker. This theta frequency LTP are decreased. The impairments in
treatment reduced LTP in both groups of slices (Figure early LTP may result in late phase deficits. Alternatively,
6A; wt/ACSF, 168%  10%, wt/D-APV, 136%  9%, iRap1 may affect the late macromolecular synthesis-
p  0.05; Figure 6B; iRap1/ACSF, 140%  9%, iRap1/ dependent phase of LTP through mechanisms indepen-
D-APV, 116%  3%, p  0.05). To compare the effects dent of those contributing to the early phase. To explore
of Rap1 on NMDA-dependent and NMDA-independent the latter possibility, we took advantage of the fact that
LTP components, we divided the mean fEPSP of the we identified one of the early targets of the Rap1/p42/
NMDA-dependent LTP (total LTP minus NMDA-inde- 44MAPK pathway and tetanized slices from wild-type
pendent component) by the mean fEPSP recorded in and iRap1 mutants in the presence of 4-AP (4 mM), a
the presence of APV (NMDA-independent component) blocker of the A-type potassium channel. Under these
at 60 min. In wild-type animals, both components con- conditions, slices were highly depolarized and showed
tribute similarly to the total level of potentiation (wt, 32/ the same levels of early LTP in the wild-type and iRap1
36  0.9), whereas in iRap1 animals there is a larger groups. However, 2 hr after the tetanization, LTP in the
contribution of the NMDA-dependent component (iRap1, iRap1 slices started to decay while LTP in the wild-
24/16  1.5). These results indicate that even though type group remained stable (Figures 6D–6F, at 200 min:
both components are reduced by the mutation, the iRap1, 140%  9%; wt, 175%  9%, p  0.05). 4-AP
NMDA-independent component shows a greater depen- alone produced a strong transient potentiation that re-
dence on Rap1. turned to baseline levels after 3 hr in both groups (p 
0.2). This result indicates that Rap1 contributes to the
late phase of LTP independently of the induction of LTP.The A-Type Potassium Channel Is a Substrate
for Rap1-Dependent Pool of p42/44MAPK
Behavioral Analysis of iRap1 MutantsTo control LTP and population complex spikes, p42/
Mice expressing iRap1 appear healthy with no obvious44MAPK must phosphorylate protein targets that regu-
defects in growth, body weight, or development. Tolate these processes. Because the Rap1-dependent
evaluate gross neurological function, we comparedpool of p42/44MAPK is associated with membranes,
iRap1 transgenic and wild-type mice (n  10 in eachthese targets are likely membrane-associated proteins,
group) in a subset of tests described by Irwin (1968) andsuch as ion channels. The A-type potassium channels
Crawley and Paylor (1997). We observed that iRap1 micemediate a transient voltage-dependent rapidly inactivat-
(1) have normal postural, righting, eye blink, ear twitch,ing outward current, which is more densely expressed
and whisker orienting reflexes; (2) have a normal visualin distal dendrites than in the cell body. This current
response to light; (3) did not exhibit abnormal spontane-reduces the excitability in the CA1 distal dendrites im-
ous behaviors such as running, excessive grooming,peding spike backpropagation, initiation of dendritic
freezing, or altered body posture; (4) did not exhibit anyaction potentials, rapid depolarization and, possibly, in-
signs of ataxia as tested in the hind paw footprint test;duction of LTP (Hoffman et al., 1997). Interestingly,
(5) responded similarly to wild-type mice in the visualKv4.2, the primary type A potassium channel in the soma
cliff test; and (6) were similar in their response to a noveland dendrites of pyramidal cells (Maletic-Savatic et al.,
object.1995; Sheng et al., 1992), can be inactivated by p42/
44MAPK phosphorylation, leading to increased neu-
ronal depolarization (Watanabe et al., 2002; Yuan et al., Rap1 Is Required for Spatial Learning
To explore potential behavioral effects of iRap1 on spa-2002). To test whether p42/44MAPK phosphorylation of
Kv4.2 is altered by the iRap1, slices were either tetanized tial learning, we trained mice on the hidden platform
version of the Morris water maze, a hippocampus-with 5 Hz for 30 s (Tetanus group) or remained in the
interphase chamber for the same period of time as the dependent task that measures the ability of an animal
to learn and remember the relationship between multipleTetanus group only receiving test stimuli (Basal group).
CA1 regions were microdissected 15 min after the tetani- distal cues and the location of the platform (Morris et
al., 1982). The overall performance of iRap1 transgeniczation, and the level of p42/44MAPK phosphorylated
channel was determined by Western blot analysis using mice during training was significantly worse than that
of the controls (Figure 7A, p 0.0001). To assess spatialphospho-specific antibodies against the p42/44MAPK
phosphorylation site of Kv4.2 (Adams et al., 2000). A memory, we tested mice in a probe trial during which
the platform was removed from the pool and the mice15 min time delay after the tetanization was selected
because we previously identified a peak in p42/44MAPK were allowed to search for 60 s (1 hr after the completion
of the last trial). The time spent in each quadrant mea-phosphorylation at this time point (data not shown). We
found that in slices from mutants, the initial amount of sures the spatial bias of an animal’s search pattern
(Schenk and Morris, 1985). The mutants spent signifi-p42/44MAPK-mediated phosphorylation of the channel
was reduced and there was no increase after tetaniza- cantly less time than wild-type controls in the target
quadrant (Figure 7B; wt, 40.8%  3%; iRap1, 32.2% tion (Figure 6C). These data indicate that Kv4.2 is a
specific substrate of the Rap1-dependent pool of p42/ 2.5%, p  0.05) and crossed the exact site where the
platform was located during training fewer times than44MAPK and phosphorylation of the A channel is the
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Figure 6. Rap1-Mediated Deficits in Theta Frequency LTP Are Produced by Decreased Phosphorylation of Kv4.2
(A and B) Effects of APV on theta frequency-induced LTP. Each point in the graphs represents the mean fEPSP slope  SEM normalized to
the mean baseline fEPSP slope value.
(A) Wild-type slices tetanized in the presence of APV display an NMDA-independent component.
(B) The NMDA-independent component is reduced in iRap1 slices tetanized in the presence of APV. Inset compares wt and iRap1 slices in
the presence of APV.
(C) iRap1 reduces p42/44MAPK phosphorylation of Kv4.2. Western blot analysis of CA1 membrane fractions showing p42/44MAPK-phosphory-
lation of Kv4.2 performed on tissue from wt (control) and iRap1 (mutant). The slices were either tetanized with 30 s 5 Hz (tetanus) or
received stimuli at baseline frequency (basal).
(D) Effect of 4-AP on LTP induction. In the presence of 4-AP (4 mM), theta frequency tetanization produces equal levels of induction in iRap1
and wild-type slices; however, LTP in the iRap1 slices starts to decay after 2 hr.
(E) 4-AP alone produces a strong transient potentiation that decays after 3 hr.
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Figure 7. iRap1 Impairs Spatial Memory Tested in the Morris Water Maze and Context Discrimination Tasks
(A) The iRap1 mutants (n  26) performed worse than wt controls (n  27) over 4 days of training [F(1,51)  16.98; p  0.0001], with no
significant difference between the groups on the first day (t  1.30; p  0.20).
(B) Probe trial on day 10 of training. iRap1 mutants searched significantly less than controls in the target quadrant (t  2.2; p  0.05), without
showing a significant difference in other quadrants: adjacent right (AR, t  1.4; p  0.17), adjacent left (AL, t  0.06; p  0.95), and opposite
quadrant (OQ, t  1.5; p  0.15).
(C) iRap1 mutants crossed the training quadrant (TQ) fewer times than controls (t  3.2; p  0.001).
(D–F) Spatial learning deficit is reversed in doxycycline.
(D) The performance of Dox-treated iRap1 mutants (n  9) was significantly better than that of iRap1 mutants (n  6) [F(2,18)  2.16; p 
0.01 for Genotype*Latency interaction; F  3.37; p  0.05 for Genotype] but not different from control mice (n  6).
(E) Probe trial on day 10 of training. Dox-treated iRap1 mice searched selectively in the training quadrant (TQ versus AR: t  2.63, p  0.01;
TQ versus AL: t  3.24, p  0.005; TQ versus OQ: t  2.33; p  0.05) while iRap1 mutants did not (TQ versus AR: t  0.37, p  0.71; TQ
versus AL: t  0.70, p  0.50; TQ versus OQ: t  1.9, p  0.07).
(F) Dox-treated iRap1 mice crossed the training quadrant significantly more times than the other three quadrants (TQ versus AR:
t  2.17, p  0.05; TQ versus AL: t  2.18, p  0.05; TQ versus OQ: t  2.30, p  0.05), while iRap1 mutants did not (TQ versus AR: t  1.13,
p  0.28; TQ versus AL: t  0.72, p  0.48; TQ versus OQ: t  1.19, p  0.26).
(G) Context discrimination is abolished in Rap1 mutant mice. While wt mice (n  15) showed significant discrimination between Context A (shock
context) versus Context B (no-shock context) (p 0.001), iRap1 mice (n 15) exhibited nearly equal levels of freezing in both contexts (p  0.12).
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wild-type controls (Figure 7C; wt, 5.1 0.5; iRap1, 2.7 atomical substrates: contextual conditioning is sensitive
to lesions of both the hippocampus and the amygdala,0.4, p  0.001).
To examine the possibility that the spatial learning whereas cued conditioning is disrupted by lesions of
the amygdala alone (Phillips and LeDoux, 1992).deficit in mice with iRap1 might be due to poor vision,
motor coordination, motivation, or procedural learning, For contextual and cued conditioning, mice were
trained with one CS/US pairing as described previouslywe tested naive mice on a visible platform task in which
mice learned to associate a distinct visible cue (a small (Bourtchuladze et al., 1994). To assess memory, we
tested freezing responses of mice either in the sameblack ball) with an escape platform. The position of the
platform and swim-start position varied from trial to trial. context (contextual conditioning) or different context
(cued conditioning) 24 hr after training. Immediately afterMice with iRap1 were not different from control mice in
latencies to find the platform in this task (Day 1: wt, training, iRap1 and wild-type mice exhibited similar lev-
els of freezing (wt, 25.1% 3.1%; iRap1, 24.1% 3.3%;40.5  4.9 s; iRap1, 39.3  2.4 s, p  0.82; Day 2: wt,
17.2  4.2 s; iRap1, 12.3  1.8 s, p  0.30; n  9 in p 0.82; data not shown). Similarly, 24 hr after training,
iRap1 transgenic mice showed normal memory for con-each group, data not shown) or swimming speed (Day
1: wt, 19.7  1.7 s; iRap1, 20  1.2 s, p  0.86; Day 2: text conditioning (wt (n 13), 38.8% 7.6%; iRap1 (n
10), 37.4%  6.7%, p  0.92) or cued conditioning (wtwt, 16.5  0.6 s; iRap1, 16.7  0.8 s, p  0.80, data not
shown). Taken together, the water maze experiments (n  12), 43.3%  6.1%; iRap1 (n  9), 44.5%  3.7%;
p  0.87; data not shown).reveal that iRap1 mutation specifically impairs spatial
memory but not visual acuity, motivation to escape from The hippocampus is believed to be required for the
formation of a polymodal representation of the cuesthe water, or motor coordination.
To rule out the possibility that spatial memory deficits present in the training environment, which is then asso-
ciated with the US. However, recent studies using ana-in mice with iRap1 are due to abnormal development,
we compared the performance of wild-type and iRap1 tomical and genetic lesion techniques (Frankland et al.,
1998; Logue et al., 1997; Maren and Fanselow, 1997;mice fed with doxycycline 10 days before the beginning
of training. Figure 7D shows that the Dox-treated iRap1 Phillips and LeDoux, 1992) indicate that under certain
conditions, contextual conditioning may be supportedtransgenic mice were significantly better than doxycyc-
ine-free iRap1 mice, but not different from control mice by nonhippocampal systems and that context discrimi-
nation, a more difficult task, may be more sensitive toin latencies to reach the platform (p  0.01). Similarly,
during the probe trial, Dox-fed iRap1 mice searched detect hippocampal-related learning impairments.
To test memory for context discrimination, mice wereselectively in the training quadrant and crossed the ex-
act site of the platform similarly to wild-type mice, while trained in two contexts as described in the method sec-
tion. Freezing was assessed 24 hr after initial trainingiRap1 mice did not (Figure 7E; wt/Dox [control], 47.5%
6.4%; iRap1/Dox, 37.8%  4.7%, p  0.20; iRap1, in Chamber A (paired with shock) and Chamber B (not
paired with shock). As Figure 7H shows, context discrim-27.4%  2.6%, p  0.01; Figure 7F; wt/Dox [control],
4  1.5; iRap1/Dox, 3.4  0.7; iRap1, 0.8  0.3, p  ination was abolished in Rap1 mutant mice (context
discrimination delta, wt, 37.0  3.9; iRap1, 11.2  4.1,0.71 for wt/Dox versus iRap1/Dox and p  0.05 for wt/
Dox versus iRap1). These data indicate that the deficits p  0.0001). Wild-type mice froze significantly more in
the context associated with shock compared with no-are the result of the acute expression of the iRap1 rather
than a developmental abnormality. shock context (Figure 8B; Context A, 52.4%  3.2%;
Context B, 14.5% 3.1%, p 0.001). In contrast, iRap1
mutant mice showed relatively equal levels of freezingMice with iRap1 Exhibit Deficits in Context
in both contexts (Context A, 35.8%  3.9%; Context B,Discrimination but not in Contextual
26.3%  5.4%, p  0.12). Together, our results suggestand Cued Fear Conditioning Tasks
that iRap1 selectively affects context discrimination. Itp42/44MAPK participates in different neuronal func-
is not required for cued or contextual fear conditioning,tions. In the hippocampus, it is required for spatial mem-
but it is necessary for discrimination between two similarory (Selcher et al., 1999); in the insular cortex, for condi-
contexts, a task that is known to be more sensitive totioned taste aversion (Berman et al., 2000); and in
hippocampal lesions. These findings indicate that Rap1amygdala, for fear conditioning (Schafe et al., 2000). In
is essential for the memory function of the hippocampusspite of ubiquitous requirements for p42/44MAPK, the
and is not required in the amygdala.molecular pathways recruiting this kinase may be differ-
ent in different brain regions. To determine how Rap1
signaling affects the functional interaction between the Discussion
amygdala and hippocampus, we tested mice using fear
conditioning, where animals learn to fear a new environ- One of the major insights to emerge from the study of
genetically modified mice is that LTP is not a unitaryment or an emotionally neutral conditioned stimulus
(CS), such as a tone, because of its temporal association process but takes a variety of different molecular forms
(Patterson et al., 2001; Winder et al., 1999), which involvewith an aversive unconditioned stimulus (US), usually
foot shock. When exposed to the same context (contex- distinct variations of a limited number of common signal
transduction cascades that map onto different aspectstual conditioning) or a tone (cued conditioning) at a later
time, conditioned animals show a variety of conditioned of memory. This raises the question, how do these com-
mon components interact, providing specificity to plas-fear responses, including freezing behavior (Fanselow,
1984; Phillips and LeDoux, 1992). These two forms of ticity and behavior? Here, we begin to address this
question by showing that Rap1 couples cAMP to mem-fear conditioning are thought to recruit distinct neuroan-
Rap1-Activated MAPK Gates Plasticity and Memory
321
Figure 8. Regulation of LTP by the Basal and Induced Activity of p42/44MAPK
The “basal” pathway for the activation of p42/44MAPK (green) is mediated by Rap1 and is induced by steady-state levels of cAMP and Ca2.
This pathway activates a membrane-associated pool of p42/44MAPK (p42/44MAPK(1)). This pool phosphorylates the A-type potassium channel
Kv4.2, reducing its conductance and facilitating the formation of population complex spike bursts during tetanization. Population complex
spikes increase depolarization, allowing influx of Ca2 through the NMDA and voltage-gated Ca2 channels, which results in increased cAMP
levels. The increase in Ca2 and cAMP recruits the “induced” p42/44MAPK pathway (yellow p42/44MAPK(2)) acting via both Rap1-dependent
and -independent pathways. Thus, the induced pathway activates additional pools of p42/44MAPK, some of which can further increase
phosphorylation of Kv4.2 (p42/44MAPK(2)), whereas others (p42/44MAPK(3)) may phosphorylate nuclear targets.
brane-associated p42/44MAPK to act on a specific K Rap1 Is Involved in Controlling the Time of Maximum
channel that gates certain forms of plasticity and Population Complex Spike Bursting
memory. Rap1 not only modulates the number of complex popu-
lation bursts but also shifts the time of maximum spiking.
This shift might have implications for synaptic plasticityRap1 Couples Upstream Signaling to a Selective
since the relative timing of pre- and postsynaptic eventsPool of p42/44MAPK that Gates LTP Induction
can influence synaptic effectiveness. For example, pair-We find that iRap1 selectively decreases basal phos-
ing a back-propagating action potential with subthresh-phorylation of membrane-associated p42/44MAPK,
old stimulation can result in either LTP or LTD, de-which in turn leads to decreased phosphorylation of
pending on the relative timing of the signals (Bi and Poo,the A-type K channel Kv4.2. This results in reduced
1998; Debanne et al., 1998; Magee and Johnston, 1997;population complex spiking that is necessary for the
Markram et al., 1997). Interestingly, the time window forinduction of theta frequency-induced LTP. Based on
signal integration appears to be controlled, in part, bythese results, we propose that there are at least two
the kinetics of the A-type K channels, which in turn arepools of p42/44MAPK that contribute to LTP at different
regulated by their phosphorylation state (Migliore et al.,times (Figure 8). The first or “basal pool” of activated
1999). Our data corroborate and extend these findingsp42/44MAPK is maintained by basal concentrations of
by showing that the phosphorylation of the Kv4.2 chan-Ca2 and cAMP through a Rap1-mediated mechanism.
nel controls the timing of maximal signal amplificationThis pool gates the induction of theta frequency-induced
by modulating population complex spikes and the in-LTP by controlling membrane excitability through phos-
duction of LTP, thus regulating the time window forphorylation of the A-type potassium channel Kv4.2. This
coincidence detection of converging signals.basal pool appears to determine the set point for theta
Several in vivo and in vitro studies have found thatfrequency-induced plasticity. The second or “induced
action potentials and complex bursting (Kandel andpool” of p42/44MAPK is activated by elevated concen-
Spencer, 1961) can also be initiated in dendrites (Gol-trations of Ca2 and cAMP following membrane depolar-
ding et al., 2002; Hausser et al., 2000; Kamondi et al.,ization and Ca2 influx. This pool, which involves both
1998; Schiller et al., 1997). In fact, there is a close resem-Rap1-dependent and -independent pathways, may
blance between the bursting recorded in vivo in distalphosphorylate nuclear targets involved in the expres-
sion of LTP. dendrites and the population complex bursts generated
Neuron
322
pronuclei of BL6CBAF2/J zygotes. Mice were maintained and bredby theta frequency. As a result, we cannot rule out the
under standard conditions, consistent with the NIH guidelines andpossibility that the population complex spikes recorded
approved by the IACUC. For genotyping, tail DNA was analyzed byin this study are initiated in the dendrites rather than by
Southern blotting using transgene-specific probes.
backpropagating action potentials. However, regard-
less of the origin of these population complex spikes, In Situ Hybridization
it seems clear that the deregulation of P42/44MAPK Twenty micron brain sections were hybridized as described (Huang
et al., 1999) to an [-35S]dATP-labeled Rap1B antisense oligonucleo-produced by the iRap1 mutation controls bursting gen-
tide CCAGAGCGAAGCCTTGTCCGTTCTTCATGTACAGGTCCCTCATerated during theta frequency.
GGCTG.
Requirements of Rap1 for Synaptic Plasticity Western Blotting
Correlate with its Involvement in Learning Hippocampi from 1 brain were homogenized in 0.75 ml of a buffer A
(50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM EGTA, 0.5 mM sodiumand Memory
vanadate, 0.1% 2-mercaptoethanol, 1% Triton X-100, 50 mM sodiumEven though synaptic plasticity is crucial to learning and
fluoride, 5 mM sodium phosphate, 10 mM glycerophosphate, 0.1 mMmemory, it is not always clear how different forms of
PMSF). The insoluble components were removed by centrifugation
synaptic plasticity relate to the changes occurring dur- at 14,000 	 g at 4
C. Twenty-five micrograms of total protein were
ing learning. Molecular lesions altering both learning separated in 10% SDS-PAAG for the p42/44MAPK detection and in
and plasticity help in establishing these connections. 12% gel for the Rap1B detection. Following the transfer on PVDF
membranes, blots were blocked in 5% nonfat dry milk, 10 mM Tris-Pharmacological inhibition of p42/44MAPK inhibits
HCl (pH 7.5), and 0.1% Tween 20, for p42/44MAPK detection. 5%most forms of synaptic plasticity (English and Sweatt,
milk was replaced with 10% rabbit serum for Rap1B detection. The1997; Patterson et al., 2001; Thomas et al., 1998; Winder
antibodies to p42/44MAPK and phospho-p42/44MAPK (Cell Signaling)
et al., 1999) and results in profound memory deficits were used in a 1:4000 dilution and antibodies to Rap1B (Santa Cruz)
(Selcher et al., 1999). Genetic interference with specific in a 1:500 dilution. HRP-anti-rabbit conjugate (Cell Signaling) was used
components of p42/44MAPK signaling cascade results at 1:5000 dilutions for p42/44MAPK, and HRP-anti-goat conjugate
(Jackson) at 1:10,000 dilutions for Rap1B. The protein bands werein less severe and more specific impairments. Thus,
visualized using LumiGLO (Cell Signaling).knocking out Ras-GRP, which regulates p42/44MAPK
cascade through Ras, does not affect hippocampus-
Quantification of Dually Phosphorylated p42/44MAPKdependent learning and memory but compromises per-
For each experiment, hippocampi were collected from three animals:
formance in amygdala-dependent tasks (Brambilla et al., wild-type control, transgenic (iRap1/tTA), and transgenic fed with doxy-
1997; Giese et al., 2001). In contrast, the iRap1 mutation cycline for 10 days. Following Western blot with antibodies against
interferes with hippocampus-dependent tasks including dually phosphorylated p42/44MAPK, membranes were stripped and
reprobed with antibodies against total p42/44MAPK. X-ray films werethe Morris water maze and context discrimination, with-
scanned and for each sample the intensity of phospho-p42/44MAPKout affecting the amygdala-dependent contextual or
bands was divided by the intensity of total p42/44MAPK band. Valuescued conditioning. Similarly, our electrophysiological
for samples from mutant animals or mutant animals fed with doxycy-
studies reveal that the deficits in p42/44MAPK-depen- cline were normalized to the corresponding samples from the wild-
dent LTP are also selective to specific protocols. Thus, type animals that were run on the same gel. To evaluate possible
LTP induced by a strong stimulation with four 100 Hz changes in the amounts of total p42/44MAPK, the intensity of bands
for the mutant animals were divided by the intensity of bands fromtrains was normal, whereas LTP induced by a weaker
the wild-type animals within the same experiment. Mean percentagetheta train or forskolin was impaired.
of eight independent experiments was analyzed by unpaired t test.In summary, our observations illustrate different roles
for distinct branches of p42/44MAPK signaling and sup-
Measurement of Ras Activity
port the idea that different forms of LTP may require The activity of Ras was determined using Ras Activation Assay Kit
different pools of p42/44MAPK. The next step in under- (Upstate Biotechnology) following manufacture instructions, except
that Ras-GTP was precipitated from lysate containing 50 g of proteinstanding how p42/44MAPK regulates plasticity and
and anti-Ras antibodies were used at 0.2 g/ml.memory would be to identify other specific molecular
targets phosphorylated by different p42/44MAPK pools
Immunoprecipitation Kinase Cascade Assayto determine how these targets change the plastic prop-
for B-Raf and Raf1
erties of neurons and behavior. Hippocampus extracts were prepared in the same manner as for West-
ern blots. The assays were performed using the B-Raf and Raf1 assay
Experimental Procedures kits (Upstate Biotechnology) according to the manufacture instruc-
tions, except that the total amount of protein was 35 g for the B-Raf
Expression Vector assay and 350 g for the Raf1 assay. For a group of extracts tested
The Rap1B cDNA was cloned from mouse hippocampal cDNA simultaneously, the counts for the extract from the mutant animals
library. Rap1B cDNA clone was mutated using Quick Change were calculated as a percentage of the counts from a wild-type animal
Site-Directed Mutagenesis Kit (Biocrest) and oligonucleotides extract. The results of five and three independent experiments for
GGCGTTGGGAAGAACGCCCTGACTG and CAGTCAGGGCGTTCT B-Raf and Raf-1, respectively, were analyzed using single sample t
TCCCAACGC replacing the Ser-encoding TCA for Asn-encoding test.
AAC triplet for the amino acid in the position 17. The full-length
N17Rap1B coding fragment was cloned into the EcoR5 site of the Subcellular Fractionating
plasmid pMM400 (obtained from M. Mayford), which was derived Membranes were separated from the nuclei and cytoplasm by differen-
from the plasmid pNN265 (Abel et al., 1997a) by inserting the frag- tial centrifugation (Aloyz et al., 1999; Huttner et al., 1983). Dissected
ment containing the tet-O promoter. hippocampi from one brain were homogenized in 1 ml of 10 mM HEPES
(pH 7.3), 0.3 M sucrose, 1 mM PMSF, 10 mg/ml aprotinin, 0.2 mg/
ml leupeptin, and 1.5 mM sodium orthovanadate in a glass-TeflonTransgenic Mice
The 2.9 kb Not1 fragment from pMM400N17Rap1B plasmid was homogenizer. The homogenate was centrifuged at 800	 g at 4
C for
10 min. The 800 g pellet (P1) was discarded and the supernatant (S1)isolated using Elutrap (Schleicher & Shull) and injected into the
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was recentrifuged at 10,200 	 g for 10 min. The resulting pellet (P2) PKA in the late phase of LTP and in hippocampus-based long-term
memory. Cell 88, 615–626.was referred to as a crude membrane fraction. It was solubilized in
0.2 ml of the buffer A. The supernatant (S2) was recentrifuged at Adams, J.P., Anderson, A.E., Varga, A.W., Dineley, K.T., Cook, R.G.,
165,000 	 g for 1 hr. The resulting supernatant (S3) was referred to Pfaffinger, P.J., and Sweatt, J.D. (2000). The A-type potassium chan-
as a cytoplasmic fraction. nel Kv4.2 is a substrate for the mitogen-activated protein kinase
ERK. J. Neurochem. 75, 2277–2287.
Electrophysiology Aloyz, R., Fawcett, J.P., Kaplan, D.R., Murphy, R.A., and Miller, F.D.
Hippocampal slices were prepared as described in previous studies (1999). Activity-dependent activation of TrkB neurotrophin receptors
(Patterson et al., 2001; Winder et al., 1999). For extracellular recordings, in the adult CNS. Learn. Mem. 6, 216–231.
ACSF-filled electrodes and bipolar stimulating electrodes were placed
Altschuler, D.L., and Ribeiro-Neto, F. (1998). Mitogenic and onco-in the stratum radiatum of area CA1. Schaffer collateral afferents were
genic properties of the small G protein Rap1b. Proc. Natl. Acad.stimulated with 0.05 ms pulses and test stimuli were applied at a
Sci. USA 95, 7475–7479.frequency of 1 per minute (0.017 Hz) at a stimulus intensity that elicits
Bailey, C.H., Kaang, B.K., Chen, M., Martin, K.C., Lim, C.S., Casadio,35% to 45% of the maximum fEPSP slope. Lower intensities (35%)
A., and Kandel, E.R. (1997). Mutation in the phosphorylation siteswere used with high-frequency protocols (100 Hz) and higher intensit-
of MAP kinase blocks learning-related internalization of apCAM inies (45%) with low-frequency protocols (5 Hz). fEPSP slopes are plotted
Aplysia sensory neurons. Neuron 18, 913–924.as percent of pretetanus baseline. Physiological experiments and anal-
yses were conducted blind to genotype. Berman, D.E., Hazvi, S., Neduva, V., and Dudai, Y. (2000). The role
of identified neurotransmitter systems in the response of insular
Behavioral Procedures cortex to unfamiliar taste: activation of ERK1–2 and formation of a
Water Maze Experiments memory trace. J. Neurosci. 20, 7017–7023.
After 1 week of handling, mice were trained in a Morris water maze, Bi, G.Q., and Poo, M.M. (1998). Synaptic modifications in cultured
receiving 4 trials per day with 30 s intertrial interval as described hippocampal neurons: dependence on spike timing, synaptic
previously (Abel et al., 1997b; Bourtchuladze et al., 1994). All water strength, and postsynaptic cell type. J. Neurosci. 18, 10464–10472.
maze trials were analyzed using a video tracking system (VP 200, HVS
Bourtchouladze, R., Abel, T., Berman, N., Gordon, R., Lapidus, K.,Image). For the visible platform task, mice received 4 trails per day
and Kandel, E.R. (1998). Different training procedures recruit eitherwith 30 s intertrial intervals for 2 days with the platform marked by a
one or two critical periods for contextual memory consolidation,cue.
each of which requires protein synthesis and PKA. Learn. Mem. 5,Contextual and Cued Conditioning Experiments
365–374.These experiments were carried out as previously described (Bourt-
Bourtchuladze, R., Frenguelli, B., Blendy, J., Cioffi, D., Schutz, G.,chouladze et al., 1998; Bourtchuladze et al., 1994). Conditioning was
and Silva, A.J. (1994). Deficient long-term memory in mice with aassessed by scoring freezing behavior, which is defined as complete
targeted mutation of the cAMP-responsive element-binding protein.lack of movement, except for respiration, in intervals of 5 s. Animals
Cell 79, 59–68.were tested 24 hr after training.
Context Discrimination Brambilla, R., Gnesutta, N., Minichiello, L., White, G., Roylance, A.J.,
Experiments were performed as described by Frankland et al. (1998), Herron, C.E., Ramsey, M., Wolfer, D.P., Cestari, V., Rossi-Arnaud,
with the exception that we used two (not three) different conditioning C., et al. (1997). A role for the Ras signalling pathway in synaptic
chambers (Chamber A, “shock chamber,” and Chamber B, “no shock transmission and long-term memory. Nature 390, 281–286.
chamber”) located in different rooms. The experiment consisted of Costa, R.M., Federov, N.B., Kogan, J.H., Murphy, G.G., Stern, J.,
three stages: pre-exposure (1 day), training (1 day), and testing (1 Ohno, M., Kucherlapati, R., Jacks, T., and Silva, A.J. (2002). Mecha-
day). Freezing was scored for 3 min in both chambers as described nism for the learning deficits in a mouse model of neurofibromatosis
previously (Bourtchuladze et al., 1994; Bourtchouladze et al., 1998). type 1. Nature 415, 526–530.
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